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A B S T R A C T   
Auditory verbal hallucinations (AVH) ― experienced as voice hearing independent of a corresponding external 
sound source ― are a cardinal symptom of psychosis. Approximately 6-13% of healthy individuals also ex-
perience voice hearing. Despite numerous attempts to explain the neurofunctional mechanisms underlying AVH, 
they remain notoriously unexplained. However, evidence relates AVH to mechanistic changes in the forward 
model. This review synthesizes behavioral and neuroimaging studies exploring the central role of cerebellar 
circuitry in the forward model, with a particular focus on non-verbal and verbal auditory feedback. It confirms 
that erratic prediction of sensory consequences in voice and sound production is linked to impaired cerebellar 
function, which initiates AVH and affects higher-level cognitive functions. We propose new research directions 
linking the forward model to voice and sound feedback processing. We consider this review as a starting point for 
mapping mechanisms of the forward model to neurocognitive mechanisms underlying AVH.   
1. Public significance statement 
This systematic review suggests that mechanistic changes in the 
forward model, linked to impaired cerebellar function, likely contribute 
to auditory verbal hallucinations in psychotic and nonclinical voice 
hearers. By bridging behavioral and neural evidence, this review pro-
poses an answer to the persisting question why some people hear voices 
when there are none and recommends future research directions. 
2. Neural bases of voice specificity 
Voices are socially the most relevant stimulus in the auditory 
landscape of humans. They carry speech and nonverbal cues such as 
dominance or the emotional state of a speaker (Banse and Scherer, 
1996; Liu et al., 2012; Paulmann et al., 2013; Pell et al., 2009; Pinheiro 
et al., 2015). Neuroimaging research further revealed specialized voice 
patches in temporal cortices located bilaterally along the mid and 
anterior parts of the superior temporal gyrus/sulcus (Belin et al., 2004). 
These areas not only respond to actual acoustic input but also to ima-
gined voices (Yao et al., 2012, 2011) and to experiencing auditory 
verbal hallucinations [AVH] (Barkus et al., 2007; Horga et al., 2014b;  
Linden et al., 2011; Sommer et al., 2008). 
Why do some people hear voices in the absence of actual acoustic 
input? Approximately 70 % of persons diagnosed with psychosis ex-
perience AVH, which makes verbal hallucinations more common than 
visual hallucinations (Bauer et al., 2011). However, AVH also feature in 
other psychiatric disorders such as bipolar disorder or major depressive 
disorder (Toh et al., 2015), as well as in 6–13 % of the healthy general 
population (Beavan et al., 2011; Linscott and van Os, 2013; Waters and 
Fernyhough, 2017). AVH in psychotic and nonpsychotic individuals 
seem comparable as they engage similar cognitive mechanisms and 
brain regions (e.g., Daalman et al., 2011; Sommer et al., 2010). In line 
with this observation, the psychosis continuum hypothesis postulates that 
nonclinical individuals can display psychotic-like symptoms (e.g.,  
Verdoux and Van Os, 2002). This perspective acknowledges dynamic 
transitions from normal to aberrant perception leading to psychosis 
(Van Os et al., 2009). 
AVH are usually experienced as indistinguishable from real voices 
with specific acoustic properties, including volume, pitch, spatial lo-
cation, gender, age, or accent structure (Larøi et al., 2012; McCarthy- 
Jones et al., 2014b; Nayani and David, 1996). They typically relate to 
agents with a specific identity (e.g., “the voice of God”), refer to the 
voice hearers and address them in the second grammatical person 
(Larøi et al., 2012; McCarthy-Jones et al., 2014b; Nayani and David, 
1996). It is not uncommon that AVH subsume more than one voice 
conversing with each other (Larøi et al., 2012; McCarthy-Jones et al., 
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2014b; Nayani and David, 1996). AVH often have an emotional quality, 
but their content seems to differ in psychotic and nonclinical voice 
hearers: hallucinated voices in psychosis are frequently perceived as 
harsh, authoritative, or aggressive, and often convey negative and 
malevolent content (e.g., Copolov et al., 2004); the content of voices 
tends to be less negative in nonclinical voice hearers (Baumeister et al., 
2017). They are perceived as similar to hearing other people speak, 
varying in length from single words to complex conversations and may 
appear as dominant or powerful (Larøi et al., 2012; Nayani and David, 
1996; Waters and Fernyhough, 2017). Due to their acoustic, linguistic, 
and social properties, voice hearers may establish a relationship with 
these voices (Beavan, 2011; Bell, 2013; Birchwood et al., 2000; Sorrell 
et al., 2010; Vaughan and Fowler, 2004). 
Despite many efforts to explain this puzzling phenomenon, the 
neurocognitive mechanisms underlying AVH remain largely elusive. 
Different models have been proposed, focusing on different mechanisms 
to account for AVH and that include impaired intentional inhibition of 
traumatic memories (e.g., Morrison and Baker, 2000; Waters et al., 
2006), altered auditory imagery (e.g., Aleman et al., 2002), or faulty 
self-monitoring or source identification of internal events (Bentall, 
1990; Brébion et al., 2000, 1996; Frith and Done, 1988) such as inner 
speech (Allen et al., 2007a; Feinberg, 1978; Fernyhough, 2004; Johns 
et al., 2010, 2001; McGuire et al., 1995). The diversity of the proposed 
mechanisms reflects the complexity of the phenomenon of hearing 
voices, also documented by symptom-capture functional magnetic re-
sonance imaging (fMRI) studies that compare periods of presence and 
absence of AVH. These studies reported consistent alterations in a dis-
tributed network of fronto-temporal cortical and subcortical brain re-
gions, including those involved in speech generation and perception, 
conscious recollection of episodic events or self-monitoring: superior 
temporal gyrus (Jardri et al., 2011; Lennox et al., 2000; Shergill et al., 
2000), middle temporal gyrus (Hoffman et al., 2008; Shergill et al., 
2000), inferior frontal gyrus (Raij et al., 2009; Shergill et al., 2000), 
middle frontal gyrus (Lennox et al., 2000), anterior insula (Hoffman 
et al., 2008), anterior cingulate (Hoffman et al., 2008; Shergill et al., 
2000), basal ganglia (Silbersweig et al., 1995), and hippocampal for-
mation (hippocampus and parahippocampal cortex; Diederen et al., 
2010; Hoffman et al., 2008; Shergill et al., 2000; Silbersweig et al., 
1995). Similar brain regions were activated during AVH in nonclinical 
participants (Diederen et al., 2012; Linden et al., 2011). Resting-state 
functional connectivity analyses identified patterns of aberrant activity 
in circuits involving similar brain regions: superior and middle tem-
poral gyrus (Clos et al., 2014; Diederen et al., 2013; Hoffman et al., 
2011; Sommer et al., 2012; Van Lutterveld et al., 2014; Wolf et al., 
2011), inferior frontal gyrus (Clos et al., 2014; Diederen et al., 2013;  
Hoffman et al., 2011; Sommer et al., 2012), anterior cingulate (Shinn 
et al., 2013; Van Lutterveld et al., 2014; Vercammen et al., 2010; Wolf 
et al., 2011), anterior insula (Clos et al., 2014; Manoliu et al., 2014), 
basal ganglia (Hoffman et al., 2011; Sorg et al., 2013), and hippocampal 
formation (Clos et al., 2014; Diederen et al., 2013; Rotarska-Jagiela 
et al., 2010; Shinn et al., 2013; Sommer et al., 2012). 
Others have proposed that AVH result from mechanistic changes in 
the forward model of the motor system (e.g., Frith et al., 1998), a 
computational process that partly relies on the cerebellum (Knolle 
et al., 2013, 2012; Person, 2019; Schlerf et al., 2012; Tanaka et al., 
2020; Wolpert et al., 1998). This influential account has received sup-
port by an increasing number of studies using behavioral (e.g.,  
Blakemore et al., 2000; Sugimori et al., 2011), electroencephalography 
(e.g., Heinks-Maldonado et al., 2007; Pinheiro et al., 2018), structural 
(e.g., Huang et al., 2015; Neckelmann et al., 2006) and fMRI (task- 
activation: Horga et al., 2014b; Powers et al., 2017; resting-state 
functional connectivity: Alonso-Solís et al., 2015; Chang et al., 2015;  
Clos et al., 2014; Mallikarjun et al., 2018; Zhao et al., 2018) methods. 
Contrary to an inverse model that provides the motor commands that 
generated a sensory consequence, a forward model predicts the sensory 
consequences of an action given the current state and motor command 
(Ito, 1970; Kawato et al., 1987; Miall and Wolpert, 1996). The cere-
bellum is thought to play a key role in the predictive computations 
underpinning the forward model (Bastian, 2006; Morton and Bastian, 
2006; Nowak et al., 2004; Tanaka et al., 2020; Tseng et al., 2007). In 
the context of voice production, perceiving one’s own voice while 
speaking involves sensory feedback monitoring in voice production and 
the rapid detection of discrepancies between expected and actual 
feedback. That is, the rapid and accurate prediction of the sensory 
consequences of a motor action is necessary for fast and stable motor 
control, and a sense of agency (e.g., Haggard, 2017). Dysfunctional 
monitoring and detection of discrepancies may give rise to mispercep-
tions of the origin of self-generated thoughts and actions (Fletcher and 
Frith, 2009; Nazimek et al., 2012). Evidence in nonclinical voice 
hearers has provided further insight on these mechanistic changes (e.g.,  
Pinheiro et al., 2020, 2018), suggesting cerebellar involvement and a 
shared neurobiological mechanism underlying AVH in psychotic and 
nonclinical groups. However, many questions remain. 
The hypothesis that malfunction of cerebellar circuitry may account 
for psychotic-like symptoms, including the experience of hearing 
voices, is not entirely new. The cognitive dysmetria account of psy-
chosis implicates changes in the cerebellum and in its connections with 
the neocortex (Andreasen et al., 1999, 1998,1996; Andreasen and 
Pierson, 2008; Schmahmann, 2004; Wiser et al., 1998), which have 
been documented by clinical, behavioral, and neuroimaging findings 
(reviewed in Moberget and Ivry, 2019). Accordingly, cerebellar mor-
phology (Moberget et al., 2019) and connectivity (Cao et al., 2018; Cao 
and Cannon, 2019) were identified as the most important predictors of 
psychotic symptoms and as the most important differentiator of psy-
chotic patients with or without AVH (Chen et al., 2019). Similarly, 
auditory hallucinations have been reported in the context of focal 
cerebellar lesions (Bielawski and Bondurant, 2015) or cerebellar neu-
rodegeneration (e.g., spinocerebellar ataxias – Turk et al., 2018; genetic 
fronto-temporal dementia – Sellami et al., 2018). Notably, cerebellar 
lesions were found to be associated with hallucinations in the auditory 
(vs. visual) modality (Kim et al., 2019). Notwithstanding, the role of the 
cerebellum in AVH has remained largely peripheral in the literature so 
far potentially due to a cortico-centric bias as seen in optimized cortical 
scanning and analysis protocols that often neglect the cerebellum 
(Parvizi, 2009). While there is evidence for altered sensory feedback 
and cerebellar involvement in AVH, links between both types of evi-
dence are scarce. Thereby, the cerebellum’s contribution to putative 
changes within a forward model underpinning AVH remains to be 
specified. 
To address some of these questions, the current review combines 
behavioral and neuroimaging (electrophysiological and fMRI) evidence 
on structural and functional characteristics as well as specific changes 
related to the forward model to further our understanding of AVH. To 
this end, we synthesize studies exploring the role of the cerebellum in 
relation to the forward model with studies investigating auditory 
feedback processing in AVH. These studies typically contrast active 
sound production (e.g., speaking or button-presses eliciting tones or 
voices) with passive listening of identical sounds in psychotic or non-
clinical voice hearers. We note that there is no monocausal link be-
tween the cerebellar function and experiencing AVH but that the cer-
ebellum contributes to this experience as a central node in a network 
putatively involved in the forward model. The cerebellum is connected 
to various brain regions, including those involved in speech perception 
(e.g., superior temporal gyrus), speech generation (e.g., inferior frontal 
gyrus), and higher-order cognition (e.g., prefrontal cortex) (Brodal, 
1978; Schmahmann and Sherman, 1998), which were found to play a 
critical role in AVH (see also Fig. 1). Therefore, it is critical and timely 
to look at the contribution of the cerebellum in AVH from a network 
perspective. We consider this synopsis as a starting point for mapping 
mechanisms of the forward model to neurofunctional mechanisms un-
derlying the puzzling phenomenon of hearing voices when there are 
none. 
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3. Voices, sensory feedback, and the cerebellum 
The human cerebellum is a relatively large structure, containing 
approximately four times as many neurons as the cerebral cortex and 
represents about 10 % of the total brain volume (Andersen et al., 1992;  
Azevedo et al., 2009; Howarth et al., 2010). The cerebellar cortex is 
characterized by a uniform cytoarchitectonic organization (Ito, 1984), 
comprising multiple parallel networks that are highly interconnected 
with the cerebral cortex, the thalamus, and subcortical regions via 
parallel closed-circuit loops (Buckner et al., 2011; Ito, 2008). Tradi-
tionally, the cerebellum has been implicated in sensorimotor control 
(Manto et al., 2012). However, converging lines of research provide 
compelling evidence for a role of the cerebellum in higher-order func-
tions such as language and executive functions (Ackermann, 2008;  
Schmahmann, 2019, 2014, 1996; Schmahmann and Sherman, 1998;  
Sokolov et al., 2017), as well as emotion (Baumann and Mattingley, 
2012; Ivry and Baldo, 1992; Schmahmann and Sherman, 1998). The 
cerebellum is subdivided into a discrete set of regions that may reflect 
distinct functional contributions across different tasks (Buckner et al., 
2011; King et al., 2019; Stoodley and Schmahmann, 2009). For ex-
ample, whereas anterior (lobules I–V) and posterior (lobules VIIIa and 
VIIIb) regions engage in sensorimotor functions (e.g., Grodd et al., 
2001), lateral posterior regions (e.g., Crus I, Crus II) are implicated in 
cognitive and affective functions (Stoodley and Schmahmann, 2009). 
Specifically, efferents from cerebellar anterior lobe regions are sent to 
cerebral sensorimotor regions via the interposed nucleus (part of the 
deep cerebellar nuclei), whereas efferents from the cerebellar posterior 
lobe are sent to cerebral association areas (e.g., prefrontal cortex) via 
the ventral dentate (Baumann et al., 2015). 
The cerebellum was proposed to instantiate both inverse and for-
ward models (Wolpert et al., 1998), even though the exact computation 
that it performs remains to be specified (Habas, 2012). Here, we focus 
on evidence that the cerebellum generates sensory consequences of 
actions as described by the forward model (Doya, 1999; Ito, 2006;  
Kawato and Gomi, 1992a). When speaking aloud, the auditory system 
relies on sensory feedback to distinguish between one’s own and other 
voices. One is also aware of the intention to speak and the act of 
speaking (Levelt, 2001), i.e. the communicative intention (Wilkinson 
and Fernyhough, 2017). A forward model may guide perception on the 
basis of predictions derived from a motor efference copy (Friston, 2005;  
Schröger et al., 2015). Fig. 1 summarizes hypotheses concerning a 
possible neural implementation of the forward model. Predicting 
Fig. 1. Circuitry supporting neurofunctional 
mechanisms underlying action-related sensory 
feedback in AVH. 
Cerebellar-cortical connections include feed-
forward loops with obligatory synapses in the 
pons (cortico-ponto-cerebellar circuits) and 
feedback loops with obligatory synapses in the 
thalamus (cerebello-thalamo-cortical circuits) 
(Ramnani, 2006). Whereas sensorimotor in-
formation is relayed to the cerebellar anterior 
lobe via the caudal pons, cognitively relevant 
information is relayed to lateral posterior cer-
ebellar regions via the rostral pons (Baumann 
et al., 2015). One prominent hypothesis is that 
cortico-cerebellar-cortical loops support not 
only the control of overt actions, but also the 
control of internal thought processes and inner 
speech (Ito, 2008). 
When preparing or imagining speaking, ac-
tivity increases in a number of cortical regions, 
such as the SMA, IFG, PMC, and M1 (the latter 
two are shown in Fig. 1). These cortical regions 
form parallel loops with cerebellar regions. A 
motor command is ensued by these regions and 
sent to the peripheral nervous system for ac-
tion execution. The cerebellum receives the 
efference copy in parallel to the motor com-
mand that is sent to the periphery. Input from the cerebral cortex to the cerebellum plays an essential role in predictive computations thought to underlie the forward 
model (Tanaka et al., 2020). 
When voice feedback is generated, the cerebellum receives auditory input from the temporal cortex (e.g., STS and STG) via cortico-ponto-cerebellar projections 
(Schmahmann and Pandya, 1991). Importantly, the cerebellum also receives auditory input via its connections to the cerebellum-like dorsal cochlear nucleus (not 
represented in Fig. 1) during early stages of auditory processing (Huang et al., 1982; McLachlan and Wilson, 2017; Petacchi et al., 2005; Schwartze and Kotz, 2013). 
The cerebellum (e.g., cerebellar Crus II auditory region) returns connections to the temporal cortex via the thalamus (medial geniculate body) (Pastor et al., 2008). 
The comparison of expected and actual sensory feedback is thought to take place in the cerebellum (e.g., Miall and Wolpert, 1996); the result of the comparison is 
used to attribute agency to actions and sensory events (Blakemore and Frith, 2003; Gentsch and Schütz-Bosbach, 2011; Haggard, 2017; Kühn et al., 2011; Synofzik 
et al., 2010). In the case of a mismatch between expected and actual sensory feedback, error signals may allow the cerebellum to issue a feedback command via the 
thalamus to premotor areas, primary motor cortex, and selected regions of the prefrontal cortex for sensorimotor control and update of the forward model, as well as 
to temporal lobe regions. The error signal sent to the temporal cortex results in decreased sensory suppression and, inversely, in increased attention to self-generated 
feedback. Consequently, attentional demands may increase. Information from the prefrontal cortex also reaches the cerebellum via monosynaptic pathways in the 
pontine nuclei (Koziol et al., 2014; Schmahmann, 2019), supporting the notion that the cerebellum processes information beyond the motor domain. 
AVH could arise from changes affecting one or several components of the forward model: the generation of an efference copy (H1), the comparison of expected and 
actual sensory feedback generating a prediction error (H2), or the updating of the forward model in response to a prediction error (H3). An interface between sensory 
feedback and control mechanisms (H4) could also contribute to the experience of AVH. 
Note. MC = Motor Command; EC = Efference Copy; PE = Prediction Error; UPD = Update; CC = Cognitive Control; PMC = Premotor Cortex; TC = Temporal 
Cortex; PFC = Prefrontal Cortex; Thal = Thalamus; CER = Cerebellum; SMA = Supplementary Motor Area; IFG = Inferior Frontal Gyrus; STS = Superior Temporal 
Sulcus; STG = Superior Temporal Gyrus. Blue boxes depict cortical structures; grey boxes depict subcortical structures; black arrows depict a predominant motor 
pathway; grey arrows depict a predominant sensory pathway. For simplicity, we only illustrate connections between main cortical regions identified in this review, 
with no further specification. 
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sensory feedback to self-generated actions such as speaking requires the 
concerted effort of several brain regions forming a large-scale network. 
Besides playing a core role in the implementation of the forward model 
(Doya, 1999; Ito, 2006; Kawato and Gomi, 1992a), the cerebellum also 
engages in speech motor control, including the temporal organization 
of the sound structure when executing speech as well as the temporal 
organization of inner speech (Ackermann, 2008). Brain imaging studies 
of speech planning and speech imagery revealed activation of the 
supplementary motor area (SMA), inferior frontal gyrus, and premotor 
cortex (Alario et al., 2006), which are all target outputs of the cere-
bellum (Akkal et al., 2007; Hashimoto et al., 2010; Middleton and 
Strick, 1997). This activation pattern may reflect the formation of 
motor commands that are sent to the peripheral nervous system for 
action execution, including movement of the vocal apparatus. 
Neural activity preceding sensory feedback to a motor action (e.g., 
voice) may reflect how we predict the sensory consequences of action. 
For example, after voice onset, the cerebellum seems to continuously 
compare expected and actual sensory feedback (Blakemore et al., 2001;  
Ito, 2008; Knolle et al., 2013, 2012; Wolpert et al., 1998). Discrepancies 
between expected and actual sensory feedback are then conveyed via 
the thalamus to cortical regions including the temporal cortex (e.g., 
middle and superior temporal gyri; Christoffels et al., 2007; Creutzfeldt 
et al., 1989; Curio et al., 2000; McGuire et al., 1996; Tourville et al., 
2008), premotor, and primary motor cortices (Christoffels et al., 2007;  
Golfinopoulos et al., 2011; Zheng et al., 2013). Matching of expected 
and actual sensory feedback occurs approximately within 200 ms post- 
sound onset (Tian and Poeppel, 2015, 2010) and is reflected in the 
amplitude modulation of early (Baess et al., 2009) and middle-latency 
(e.g., Ford et al., 2013) auditory event-related responses (ERP) of the 
electroencephalogram (EEG). N1 amplitude, peaking around 100 ms 
post-stimulus onset, is suppressed in response to self-generated sounds, 
indexing a successful prediction (Baess et al., 2011, 2008; Ford et al., 
2001b; Gentsch et al., 2012; Hsu et al., 2016; Hughes et al., 2013;  
Lange, 2011; Timm et al., 2016). A suppressed N1 amplitude in re-
sponse to expected sensory feedback seems to mirror reduced reactivity 
of the auditory cortex to feedback during speaking as observed in fMRI 
studies (e.g., Christoffels et al., 2007). It seems plausible that the rapid 
transmission of information via cerebellar-thalamic connections to 
temporal lobe regions contributes to the sensory suppression effects 
observed in auditory ERP responses (Knolle et al., 2013, 2012;  
Schwartze et al., 2012). Specifically, cerebellar-thalamo-cortical con-
nections may contribute to N1 generation by modulating its unspecific 
subcomponent (Schwartze et al., 2012). The cerebellum receives af-
ferent input from the cerebellum-like dorsal cochlear nucleus (the first 
relay along the auditory pathway) via the pons early in sound proces-
sing (Huang et al., 1982; McLachlan and Wilson, 2017; Petacchi et al., 
2005), enabling very short latency responses (Aitkin and Boyd, 1978;  
McLachlan and Wilson, 2017). Cerebellar responses may thus precede 
neocortical responses (Huang et al., 1982; Lorenzo et al., 1977a;  
Misrahy et al., 1961; Shofer and Nahvi, 1969; Wang et al., 1991; Zhang 
et al., 1990). Direct connectivity of the pons and the lateral cerebellum 
to afferent pathways of the auditory brainstem as well as spectral in-
tegration of auditory input in the pons prior to cerebellar processing 
(e.g., Aitkin et al., 1975; Aitkin and Boyd, 1978; Snider and Stowell, 
1944) makes it likely that a ponto-cerebellar pathway monitors the 
matching of auditory input with prediction (McLachlan and Wilson, 
2017; Schwartze and Kotz, 2013). While evidence documents a cere-
bellar role in sensory processing, we note that the exact manner in 
which auditory information is represented in the cerebellum remains 
unclear (McLachlan and Wilson, 2017). 
An error signal arising from a mismatch between expected and ac-
tual sensory feedback may trigger online adaptation and motor 
learning. Less predictable sensory feedback, induced by temporal or 
content changes, leads to increased activation of the superior temporal 
gyrus and cerebellar cortex, specifically cerebellar lobules VI (Zheng 
et al., 2013) and VIII (Pfordresher et al., 2014; Tourville et al., 2008). If 
sensory feedback is unexpected, updating of the forward model is ne-
cessary to optimize adaptive behavior (Brooks et al., 2015; Cullen and 
Brooks, 2015; Kotz et al., 2014). Evidence further shows that the cer-
ebellum engages in such adaptation of self-generated actions when 
sensory feedback is changed or less expected (Blakemore et al., 2001;  
Ishikawa et al., 2016; Ito et al., 1970; Kawato et al., 1987; Miall et al., 
1993; Miall and Wolpert, 1996; Wolpert et al., 1998). 
Detected discrepancies between expected and actual sensory feed-
back are transmitted to neocortical target areas, including temporal 
(Mitra and Snider, 1969; Pastor et al., 2002; Petacchi et al., 2005;  
Sultan et al., 2012; Teramoto and Snider, 1966; Wolfe, 1972) and 
frontal (Middleton and Strick, 2001, 1997) areas by means of feedfor-
ward connections (Middleton and Strick, 2001, 1997). The cerebellum 
may thereby influence the updating of the forward model of self-gen-
erated action (e.g., self-voice; Fig. 1) through connections that link the 
cerebellum via the thalamus to premotor areas and selected regions of 
the prefrontal cortex (Middleton and Strick, 2001, 1997). 
In terms of AVH, we need to address whether the same or at least 
very similar mechanisms apply to the processing of an inner voice, i.e., 
a voice without an acoustic component. Recent evidence suggests that 
not only overt speech, conceived as “our most complex motor act” 
(Levelt, 1989), but also inner speech relies on the forward model (Jack 
et al., 2019; Scott et al., 2013; Tian et al., 2016; Tian and Poeppel, 
2015, 2013, 2012, 2010; Whitford et al., 2017). Speech imagery acti-
vates auditory cortex in a similar way as overt speech, indicating that 
sensory feedback to one’s own actions via a temporally precise and 
content-specific efference copy occurs even when no sensory feedback 
is expected (Jack et al., 2019; Tian and Poeppel, 2015, 2010). The re-
sponsiveness of the auditory cortex to tones is also reduced when par-
ticipants silently repeat a statement themselves (Ford et al., 2001b). 
Estimating the somatosensory consequences of inner speech via an ef-
ference copy is thought to provide the perceptual features of the inner 
voice (Scott, 2013). Such findings suggest that overt and inner speech 
processing engage similar neurofunctional mechanisms. This, in turn, 
has far-reaching implications for AVH, which may at least partially 
arise from misattributions of the source of auditory feedback in general 
and of inner speech in particular (e.g., Moseley et al., 2013). 
In the ensuing sections, we will deconstruct the forward model into 
its constituent parts and neural correlates from the generation of the 
efference copy (e.g., the comparison between predicted and actual 
feedback) to the updating of the forward model in response to un-
expected feedback. We emphasize the role of the cerebellum (see  
Table 1), as the mechanisms by which cerebellar (dys-)function may 
contribute to AVH are largely obscure. Notwithstanding, we note that 
our focus on the cerebellum does not exclude the role of other nodes in 
a network that can explain the experience of hearing a voice in the 
absence of corresponding acoustic stimulation. 
We review the literature suggesting that a dysfunctional cerebellar 
network may lead to altered sensory feedback and consequently to er-
ratic prediction in AVH. This may also affect higher-level functions such 
as cognitive control (Dong et al., 2020). Finally, we synthesize evidence 
on related mechanisms and brain regions that may contribute to an 
altered sense of agency over one’s own action in AVH, and outline 
implications of how changes related to the forward model can inform 
our understanding of AVH. 
4. Prediction and processing of sensory feedback to self-voice in 
AVH 
Changes affecting the sensory feedback to the self-voice and po-
tentially also inner speech in AVH may stem from a dysregulation of 
one or more components of the forward model: the generation of an 
efference copy, the comparison of expected and actual feedback, or the 
updating of the forward model in response to a prediction error (Fig. 1). 
However, generation, comparison, and updating of the model ulti-
mately also engage cognitive control, learning, and monitoring (Ito, 
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2008). Accordingly, dysfunction could arise from an interface between 
sensory feedback and cognitive control mechanisms in AVH (Fig. 1). To 
differentiate these components and to specify their relation, we will 
continue by discussing the available evidence for each of these options. 
4.1. An imprecise efference copy? 
AVH may result from an imprecise efference copy that prepares the 
auditory cortex for sensory feedback to the self-voice (Castiello et al., 
1991; Goodale et al., 1986). Consistent with the hypothesis that the 
cerebellum receives the efference copy in parallel to the submission of 
the commands controlling motor implementation (Green et al., 2007;  
Requarth and Sawtell, 2014; Tomatsu et al., 2015), cerebellar activity 
has been found to precede movement onset (Hülsmann et al., 2003), 
sometimes even before the first change in an electromyographic po-
tential (Anderson and Turner, 1991). Interactions have been identified 
between the cerebellum and primary motor cortex (M1; Kelly and 
Strick, 2003; Penhune and Doyon, 2005; Tzvi et al., 2017; Wu et al., 
2011), SMA proper, and pre-SMA (Adhikari et al., 2018; Belkhiria et al., 
2019; Haggard et al., 1995; Wu et al., 2011). Furthermore, sub-
stantiating the role of the cerebellum in response to action preparation 
and selection (Tachibana et al., 1995; Yamaguchi et al., 1998), lesions 
in the cerebellar dentate nucleus attenuate the readiness potential, an 
EEG marker for the preparation of self-initiated movements originating 
in the SMA proper, pre-SMA, and primary motor cortex (Ikeda et al., 
1995; Neshige et al., 1988). 
Before hallucination onset, increased activation in the left inferior 
frontal gyrus, engaged in speech generation, supports the idea that 
speech motor commands are also emitted in AVH (McGuire et al., 1993;  
Shergill et al., 2004, 2000). Additionally, increased electromyographic 
activity in the inferior musculus orbicularis oris (an articulator) was 
observed during voice hearing (Rapin et al., 2013), revealing that 
motor simulation without execution and overt speech motor prepara-
tion evoke identical activity in AVH (see also Swiney and Sousa, 2014). 
Such activity is compatible with the generation and transmission of an 
efference copy (Table 2). After AVH onset, activation extends to regions 
involved in speech perception, such as the middle and superior tem-
poral gyrus bilaterally (Shergill et al., 2004). 
Other patterns of neural activity preceding the onset of sensory 
feedback may provide further information about the efference copy 
(Cao et al., 2017). For example, the synchrony of neural oscillations 
preceding an utterance is reduced in persons with schizophrenia, 
especially those with severe AVH (Ford et al., 2007b). Pre-speech 
neural synchrony seems unrelated to N1 amplitude suppression during 
sensory feedback in psychotic patients, although similar to controls, i.e. 
it is still higher when speaking than passively listening (Ford et al., 
2007b; Table 2). Reduced neural synchrony before an action was not 
significantly associated with hallucination severity in tasks involving 
button presses eliciting a pure tone (Ford et al., 2008). The selective 
relationship observed between pre-stimulus neural activity and hallu-
cination severity in tasks involving speech generation may indicate a 
voice-specific impairment (Pinheiro et al., 2020, 2018). While an ef-
ference copy may still be generated, its predictive quality may be re-
duced due to imprecise or delayed signaling to relevant brain regions 
such as the cerebellum (e.g., Bernard et al., 2018). In line with this 
hypothesis, altered connectivity between the inferior frontal gyrus and 
the cerebellum was found to be a characteristic feature of persons with 
schizophrenia and AVH but not those without AVH (Chang et al., 
2015). 
4.2. Insufficient comparison between expected and actual sensory feedback? 
The forward model describes how the brain estimates the accuracy 
of sensory feedback in self-voice production. This feedback is perceived 
as less salient than external sensations, ultimately leading to suppressed 
neural activity in sensory cortices. This should not be the case in voice 
hearers who may fail to predict the sensory consequences of self-voice 
production. 
Support for this hypothesis comes from studies that reported re-
duced attenuation of auditory cortex activity in response to sensory 
feedback in psychotic voice hearers (Table 2), particularly in the su-
perior temporal gyrus (Kumari et al., 2010). Similarly, reduced sup-
pression of early auditory ERP responses (N1) was reported in persons 
with schizophrenia when listening to real-time sensory feedback of 
their own voice (Ford et al., 2013, 2008, 2007a, 2001a; Ford and 
Mathalon, 2005, 2004; Heinks-Maldonado et al., 2007; Perez et al., 
2012). Specifically, smaller sensory suppression effects were positively 
correlated with AVH severity (Heinks-Maldonado et al., 2007). Sup-
pression effects in response to inner speech are reported as absent in 
persons with schizophrenia (Ford et al., 2001c; Ford and Mathalon, 
2004). Activity in the left superior temporal gyrus was comparable in 
psychotic voice hearers when generating overt vs. inner speech, 
whereas it was increased in response to overt vs. inner speech in healthy 
controls (Simons et al., 2010). Such indifference in sensory suppression 
implies that self and external sensory feedback signals are processed 
similarly in psychotic voice hearers (Allen et al., 2007b; Ford et al., 
2002; Ford and Mathalon, 2004). Consequently, both self-initiated and 
externally generated sensory stimuli may lead to similarly increased 
attention (Lange, 2013; Schröger et al., 2015). Furthermore, voice 
hearers are less sensitive to manipulations (e.g., pitch shifts) of sensory 
Table 1 
Evidence of structural and functional alterations of the cerebellum in voice hearers.    
Change Psychotic AVH  
Volume  • Reduced cerebellar grey matter volume 1−2 – specifically in lobules VIIb and VIIIa (pAVH  <  CTR); lobule VIIIa (pAVH  <  nAVH) 3  • Increased volume of the cerebellar vermis 4 
Connectivity  • Altered bilateral connectivity of DMN, IFG, and CER 5  • Increased functional connectivity between salience network and CER 6,7  • Decreased effective connectivity from PCC to left CER (pAVH  <  nAVH) 8  • Decreased functional connectivity in left CER (pAVH  <  CTR; pAVH  <  nAVH) 9  • Decreased functional connectivity between left THAL and right CER 10  • Association between a) increased cerebello-cortical resting state connectivity and b) increased FA in the thalamo-motor tract with positive symptom 
progression in at-risk individuals 11  
Note. The table shows evidence for cerebellar changes in psychotic patients with AVH compared to patients without AVH and/or healthy controls. Studies that 
documented cerebellar changes in psychotic patients without testing a specific association with positive symptoms, particularly AVH, were not included. Studies 
probing cerebellar alterations in nonclinical voice hearers are lacking. 
CER = Cerebellum; DMN = Default Mode Network; THAL = Thalamus; PCC = Posterior Cingulate Cortex; IFG = Inferior Frontal Gyrus; pAVH = Psychotic 
Patients with AVH; nAVH = Psychotic Patients without AVH; CTR = Control participants; FA = Fractional Anisotropy. 
1 Huang et al. (2015); 2 Moberget et al. (2019); 3 Cierpka et al. (2017); 4 Levitt et al. (1999); 5 Chang et al. (2015); 6 Mallikarjun et al. (2018); 7 Shin et al. (2015); 8  
Zhao et al. (2018); 9 Chen et al. (2019); 10 Clos et al. (2014); 11 Bernard et al. (2017).  
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feedback, as seen in reduced suppression effects of early auditory ERP 
responses (N1) to unmodified (i.e., more predictable) compared to 
modified (i.e., less predictable) sensory feedback in speaking (Heinks- 
Maldonado et al., 2007). Sensory feedback to the self-voice is also al-
tered in people with AVH predisposition (Table 2): N1 was larger for 
self-generated than externally generated voices, whereas it was sup-
pressed for self-generated tones (Pinheiro et al., 2020, 2018). Evidence 
from psychotic and nonclinical voice hearers thereby suggests that 
specific alterations of the processing of self-generated vocal sounds may 
be a core feature of the psychosis continuum (Pinheiro et al., 2020,  
2018). 
Smaller suppression effects may result from an imprecise compar-
ison of expected and actual sensation, plausibly mediated by the cere-
bellum: accordingly, the N1 was found to respond sensitively to cere-
bellar dysfunction (Knolle et al., 2013, 2012). The cerebellum is well 
suited to perform a fast computation of sensory feedback and related 
prediction errors (e.g., Miall and Wolpert, 1996). Cerebellar responses 
were found to precede neocortical responses, even in primary sensory 
areas (Lorenzo et al., 1977b), potentially via a direct sensory afferent 
pathway between the cerebellum and the dorsal cochlear nucleus 
(Wang et al., 1991). The cerebellum is sensitive to relatively abrupt 
changes in sensory input occurring roughly within 10−30 ms (e.g.,  
Apps et al., 1995), conveyed to the thalamus and then transmitted to 
cortical regions (reviewed in Schwartze and Kotz, 2013) such as the 
primary auditory cortex (Mitra and Snider, 1969; Pastor et al., 2002;  
Petacchi et al., 2005; Sultan et al., 2012; Teramoto and Snider, 1966;  
Wolfe, 1972). A comparison of expected and actual sensory feedback 
may occur in the deep cerebellar nuclei (Neshige et al., 1988; Streng 
et al., 2018). Specifically, sensory error signals are encoded in complex 
spike discharges of Purkinje cells (Gilbert and Thach, 1977; Ito, 2013,  
2000; Kawato and Gomi, 1992b; Kitazawa et al., 1998; Stone and 
Lisberger, 1986). However, as sensory systems are organized hier-
archically (e.g., Baldeweg, 2007), the difference between expected and 
actual sensory feedback may be propagated to other hierarchical levels 
such as the prefrontal cortex (Middleton and Strick, 2001, 1997) and 
anterior cingulate cortex (Anand et al., 1959; Snider and Maiti, 1976). 
Cerebellar activity correlates with sensory prediction errors. In 
healthy individuals, cerebellar activity is reduced in response to self- 
generated (vs. external) sensory feedback (Blakemore et al., 1999;  
Blakemore and Sirigu, 2003; Brooks and Cullen, 2013), but increased 
when there is a discrepancy between an action goal and the sensory 
consequences of that action (Blakemore and Sirigu, 2003). Moreover, 
persons with cerebellar disorders fail to use prediction errors during 
motor learning (Tseng et al., 2007; Xu-Wilson et al., 2009). Suggesting 
imprecise sensory feedback, hallucinated voices are associated with 
increased cerebellar activation in symptom-capture studies (Diederen 
et al., 2012; Parellada et al., 2008; Sommer et al., 2008; Table 2), which 
correlates with the emotional content of AVH (Horga et al., 2011). This 
increased activation indicates that the cerebellum responds to a dis-
crepancy between expected and actual sensory voice feedback. 
A delay in generating an efference copy or its transmission (Koreki 
et al., 2015) also results in a mismatch between expected and actual 
sensory feedback. Supporting the hypothesis of a delayed efference 
copy, Whitford and collaborators (Whitford et al., 2011) found that by 
imposing a 50 ms delay between an action (button press) and a re-
sulting tone, the N1 suppression effect was comparable in psychotic 
persons and healthy controls. Structural and functional changes in the 
cerebellum and cerebellar-thalamo-cortical networks can also explain 
the lack of motor-induced sensory suppression, considering that cere-
bellar activity is modulated by the magnitude of temporal deviations 
between an action and sensory feedback (Blakemore et al., 2001) and 
temporally constrained to approximately one second (Ivry and Keele, 
1989). Dysfunction of cerebellar-thalamo-cortical circuitry has been 
related to the pathophysiology of psychosis (e.g., Clos et al., 2014;  
Table 1) as well as decreased cerebellar-cortical resting state con-
nectivity (Bottmer et al., 2005; Collin et al., 2011; Deicken et al., 2001;  
Greenstein et al., 2011; Heath et al., 1979; Ichimiya et al., 2001; Keller 
et al., 2003; Kim et al., 2014; Loeber et al., 2001; Lohr and Jeste, 1986;  
Maloku et al., 2010; Okugawa et al., 2003; Schmitt et al., 2011; Shinn 
et al., 2015). This is the case in psychotic patients reporting AVH 
(Chang et al., 2015) and selectively associated with positive (but not 
negative) symptom progression in at-risk individuals within a year of 
psychosis onset (Bernard et al., 2017). Cerebellar-thalamo-cortical 
network development and connectivity at baseline assessment (parti-
cularly connectivity between lobule V and motor cortex) in at-risk 
adolescents predicted positive symptom progression over 12 months 
(Bernard et al., 2017) and may be indicative of abnormal sensorimotor 
integration and failure to attribute the source of sensory feedback. 
Cerebellar abnormalities found in at-risk individuals (Bernard et al., 
2014; Dean et al., 2014; Pantelis et al., 2003) were consequently pro-
posed as a biomarker of disease progression (Bernard et al., 2017). In 
addition, impairments of time discrimination, typically observed in 
patients with cerebellar pathology, are also observed in psychotic voice 
hearers (Waters and Jablensky, 2009; Table 2). Experiments probing 
the mismatch negativity (MMN, an ERP component peaking at 
100−200 ms after change onset – Näätänen et al., 2007) link sensory 
prediction mechanisms (lesion data – Moberget et al., 2008; Restuccia 
et al., 2007; cerebellar transcranial direct current stimulation – Chen 
et al., 2014), and specifically the generation of precisely timed ex-
pectancies regarding forthcoming sensory information (Ivry, 2000;  
Moberget et al., 2008) to the cerebellum. These studies show that the 
MMN response to duration deviants is strongly affected in persons with 
schizophrenia (Michie, 2001). The longer the delay between an action 
and sensory feedback, the less agency of one’s own action is perceived 
(Gentsch et al., 2012; Timm et al., 2016), and the more salient feedback 
is perceived. Accordingly, delayed transmission of the efference copy 
could contribute to a reduced sense of agency. 
4.3. Erroneous updating of the forward model? 
Sensory prediction errors likely drive adaptation in the forward 
model. The updating of the forward model relates to a temporally 
specific adaption process that relies on the detection of discrepancies. 
Unexpected changes of sensory feedback lead to increased activation of 
the cerebellum compared to expected feedback (Blakemore et al., 
2001), consistent with the role of the cerebellum in error-based 
learning (Doya, 1999; Herzfeld et al., 2018; Popa et al., 2016; Popa and 
Ebner, 2019; reviewed in Johnson et al., 2019). Connections from the 
dorsal cochlear nucleus to the cerebellum may provide direct sensory 
input to large-scale cortico-cerebellar networks engaged in the gen-
eration and adaptation of the forward model (Schwartze and Kotz, 
2013). The error signals would then allow the cerebellum to issue a 
feedforward command to frontal lobe regions via the thalamus for 
sensorimotor control (Ramnani, 2006). The basal ganglia could further 
modulate the sensitivity of the cerebellum to sensory prediction errors, 
by estimating the behavioral value of the new state (Ohmae and 
Medina, 2015). If the forward model provides accurate predictions, 
automatic small-scale adaptation to unexpected changes may be im-
plemented without considerable delay, sparing neocortical neural and 
cognitive resources (e.g., attention). However, if a prediction error 
disproportionally increases, the forward model is either not updated or 
updated inadequately. For example, if feedback differs fundamentally 
from the prediction, the error signal becomes unreliable (Katseff et al., 
2012). Consequently, flexible and rapid updating does not ensue, and 
feedback may be treated as externally generated (Friston, 2012). 
Cerebellar lesions result in impaired updating of predictions of 
sensory feedback (Butcher et al., 2017; Roth et al., 2013; Synofzik et al., 
2008a; Tseng et al., 2007). Hence, the forward model is not appro-
priately fine-tuned and updated over time, whereas errors will con-
tinue. Consequently, feedforward control of action might be compro-
mised. Comparable to cerebellar patients, who display a reduced 
capability to compensate for variability in motor behavior (e.g., 
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dysmetric saccades), manipulations of sensory feedback to action may 
be perceived as unreliable by voice hearers, leading the motor system to 
disregard altered feedback rather than to implement corrections or 
update the forward model. 
Behavioral studies showed that psychotic voice hearers as well as 
individuals at high risk for developing psychosis (Johns et al., 2010) 
more likely attribute increased acoustic ambiguity or uncertainty in 
sensory feedback to external rather than internal sources (e.g., pitch- 
distorted voice feedback – Allen et al., 2004; Pinheiro et al., 2016;  
Table 2). A tendency to misperceive a pitch-shifted (Allen et al., 2006) 
or shorter (Pinheiro et al., 2019) self-generated than other voice is also 
found in nonclinical voice hearers with high AVH proneness (Table 2). 
EEG studies have documented erroneous updating of the forward model 
in AVH. EEG responses in the P300 range (an ERP peaking approxi-
mately 300 ms after stimulus onset – Polich, 2007) are thought to re-
flect the updating of a mental model of the environment when un-
expected input is detected (Kotz et al., 2014). Changes in P3b amplitude 
(decreased amplitude – Akshoomoff and Courchesne, 1994; Kotz et al., 
2014) and latency (increased latency – Tachibana et al., 1995) were 
reported in cerebellar patients. Similarly, P3b amplitude reductions to 
unexpected task-relevant tones were enhanced in psychotic patients 
with AVH (Havermans et al., 1999; Higashima et al., 2003; Table 2). 
5. Higher-level cognitive functions 
5.1. Changes in cognitive control? 
The cerebellum may not only mediate the comparison of expected 
and actual sensory feedback but also regulate cognitive function 
through interactions with neocortical regions (Liang and Carlson, 2019;  
Popa et al., 2017; Ramnani, 2006; Schmahmann, 2019). Interactions of 
the postero-lateral cerebellum (e.g., Crus I, Crus II) and the prefrontal 
cortex (Schmahmann and Pandya, 1997) form the basis of cerebellar 
involvement in higher-level processes such as cognitive control, a 
hallmark of executive functions (Ide and Li, 2011; Ramnani, 2006). 
Intact cerebellar processing reduces cognitive load, facilitates executive 
control, and optimizes performance in tasks engaging attentional pro-
cesses (Ghajar and Ivry, 2009; Khilkevich et al., 2018), particularly 
executive attention (Habas et al., 2009; Mannarelli et al., 2019; Manto 
and Jissendi, 2012). Accordingly, focal cerebellar lesions have been 
associated with impaired conflict-related cognitive processing 
(Schweizer et al., 2007). 
Sensory feedback to one’s own action reduces cognitive load by 
attenuating sensory processing, which is perceived as less surprising 
and salient. Consequently, cognitive resources might be spared for the 
processing of less predictable external stimuli. Changes related to spe-
cific components in the forward model, namely the comparison be-
tween expected and actual feedback, may affect this asymmetry. If 
sensory feedback to the self-voice is treated the same way as external 
stimuli, resource allocation may be symmetric and require overall 
higher levels of attention to differentiate the sources. This would in-
crease cognitive load and events in the environment might be perceived 
as more demanding and less controllable. If the forward model is not 
continuously fine-tuned, performance becomes more effortful and less 
automatic, and thus more heavily reliant on prefrontal cortical function 
(Ito, 2008). 
In line with this idea, alterations in cerebellar sensorimotor circuitry 
were proposed to partly account for high-level cognitive cerebellar 
dysfunction in persons with schizophrenia, based on evidence for in-
creased resting-state functional connectivity between the cerebellar 
sensorimotor and cerebellar cognitive networks (Dong et al., 2020): 
higher cognitive effort is thought to be employed in response to ex-
cessive error input. Decreased cortico-cerebellar connectivity with Crus 
I and Crus II was also found in these patients (Repovs et al., 2011;  
Table 1), which suggests less efficient neural signaling implicated in 
cognitive control (Bernard and Mittal, 2015). Moreover, volumetric 
changes in cognitive regions of the cerebellum (specifically reduced 
grey matter volume in lobules VIIb and VIIIa) are associated with 
persistent positive symptoms of psychosis such as AVH (Cierpka et al., 
2017; Table 2). Cerebellar dysfunction could also influence the basal 
ganglia via a disynaptic pathway through the thalamus and thereby 
contribute to reduced cognitive control (Bostan et al., 2013; Prevosto 
and Sommer, 2013). 
Attention gates the influence of sensory information on perception 
and can be directed internally to coordinate thoughts, memories, and 
emotions (Miller, 2000). Inhibition is one of the executive functions of 
attention: it might be required to withhold irrelevant sensory in-
formation or responses that are not appropriate given a specific context 
(Miller, 2000). Altered executive attention could explain the inability to 
inhibit hallucinated voices once they occur or to ignore emotionally 
salient features of hallucinated voices (Alba-Ferrara et al., 2013, 2012;  
Pinheiro et al., 2017). Along the same lines, intentional cognitive in-
hibition has been associated with hallucination proneness (Alderson- 
Day et al., 2019). Reduced cognitive control could also contribute to 
enhancing expectation effects as a result of inadequately coded pre-
diction errors (Table 2). Attentional demands could be increased when 
voice hearers discriminate salient social and environmental stimuli and 
make them more vulnerable to top-down expectations, i.e., the 
knowledge derived from prior experience rather than from sensory 
stimulation (Miller, 2000). This is evident in the increased tendency of 
voice hearers to report acoustic changes in acoustically undistorted 
speech (Haddock et al., 1995) and speech percepts in signal detection 
tasks (Horga et al., 2014b) or degraded auditory stimuli (Alderson-Day 
et al., 2017). Both psychotic and nonclinical voice hearers were found 
to report the presence of a (absent) 1-kHz tone after learning its asso-
ciation with a visual stimulus via classical conditioning (Powers et al., 
2017) or to misattribute the source of sensory feedback when it was 
preceded by the picture of another person’s face (Ilankovic et al., 2011;  
Kambeitz-Ilankovic et al., 2013). A voice percept may also be assigned 
social significance depending on prior expectations (Griffin and 
Fletcher, 2017). Such findings are consistent with the hypothesis that 
both enhanced sensation and increased sensitivity to top-down ex-
pectations may account for AVH (Corlett et al., 2019). 
5.2. Altered emotional quality of sensory feedback to self-voice? 
The forward model provides a comprehensive framework to explain 
misattribution of external sensory feedback in AVH. However, it does 
not explain why hallucinated voices often have an emotional quality 
(Larøi et al., 2012; McCarthy-Jones et al., 2014b; Nayani and David, 
1996). The cerebellum not only engages in the control of action, but 
contributes to non-motor functions, which may rely on the same com-
putational mechanisms (D’Angelo et al., 2011). For example, the cere-
bellum participates in emotional processing and regulation 
(Schmahmann et al., 2007), enabled via connections from the fastigial 
nucleus to the amygdala, hippocampus, and middle temporal gyri 
(Heath and Harper, 1974). Accordingly, cerebellar stimulation elicits 
responses in limbic regions, including the amygdala and the cingulate 
cortex (e.g., Anand et al., 1959). Cerebellar lobule VI interacts with the 
salience network to prioritize the processing of emotionally relevant 
stimuli in a context-dependent manner (Habas et al., 2009). Further-
more, the cerebellar vermis and the amygdala interact during emo-
tional associative processes (Snider and Maiti, 1976; Zhu et al., 2011). 
One of the central functions of the cerebellum in emotional processing 
could therefore be the integration of emotional cues and their trans-
mission to the cerebral cortex for behavioral adaptation (Adamaszek 
et al., 2016). 
It is well established that focal cerebellar lesions can give rise to 
cognitive and affective disruptions, defining the cognitive-affective 
cerebellar syndrome (Schmahmann and Sherman, 1998), which mirrors 
some clinical criteria of psychosis. Disruption of cerebellar activity via 
Transcranial Magnetic Stimulation (TMS) resulted in impaired 
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categorization of emotional faces, in both explicit and incidental emo-
tional processing (Ferrari et al., 2018). Whereas the cerebellum en-
gaged in the processing of both positive and negative emotional in-
formation, a predominant role for negative emotions was suggested 
(Adamaszek et al., 2014; Annoni et al., 2003; Clausi et al., 2015; Diano 
et al., 2016; Ferrucci et al., 2012; Lupo et al., 2015; Maschke et al., 
2000; Park et al., 2010; Zhu et al., 2007). 
In line with the presumed contribution of the cerebellum to the 
emotional quality of hallucinated voices, the cerebellar vermis was 
found to be more active in response to aversive sentences mimicking 
the typical features of AVH (Horga et al., 2014a; Table 2). Similarly, 
repetitive TMS applied to the vermis resulted in increased frequency of 
AVH (Garg et al., 2013). Further evidence comes from studies reporting 
increased volume of the cerebellar vermis (Levitt et al., 1999), altered 
connectivity in cortico-cerebellar-thalamo-cortical circuits (De La 
Iglesia-Vaya et al., 2014) as well as increased resting-state functional 
connectivity between the cerebellum and salience, ventral attention, 
and default-mode networks in psychotic voice hearers (Guo et al., 2015;  
Mallikarjun et al., 2018; Shinn et al., 2015). The cerebellar vermis may 
thus represent an interface between sensory stimulation (via a cortico- 
pontine-cerebellar circuit), the emotional state of the participant, and 
the motor response (Adamaszek et al., 2016). Due to altered cerebellar 
function and connectivity, the absence of an appropriate prediction of 
the emotional qualities of inner speech mediated by the cerebellum may 
make such input seem unintended or external. As the cerebellum is 
thought to be specifically engaged in explicit self-monitoring of nega-
tive voice cues (Adamaszek et al., 2016), altered cerebellar function 
could further contribute to external misattribution errors for negative 
self-generated speech in self-monitoring tasks at least in psychotic voice 
hearers (Costafreda et al., 2008; Johns et al., 2010, 2001; Pinheiro 
et al., 2016). Emotional manipulations may not be perceived as one’s 
own voice anymore but rather as external (‘this is not my voice’) and 
negative. 
5.3. Altered self-awareness and agency? 
Sensory feedback to one’s own action is critical for an undeterred 
sense of agency. The forward model provides a plausible explanation 
for the perceptual integration of action-based sensory feedback and the 
differentiation of self-generated (highly predictable) and external (less 
predictable) sensory input. The less predictable and salient a sensory 
event is, the more likely it is perceived as reflecting an externally 
generated event. Cognitive evaluation may be engaged to determine 
whether a given stimulus is self-generated or produced by another 
agent (Synofzik et al., 2008b). For example, despite the detection of an 
error resulting from a delay between an action and sensory feedback, 
individuals may still attribute this feedback to their own action or 
perceive themselves as agents of an action (e.g., Farrer et al., 2013). 
Alterations in prefrontal and anterior cingulate cortices, involved in 
error processing, may contribute to failed source monitoring of self- 
voice feedback in AVH (Clos et al., 2014) and to errors in self-voice 
recognition (e.g., Costafreda et al., 2008; Johns et al., 2010, 2001;  
Pinheiro et al., 2019, 2016). Studies comparing resting-state functional 
connectivity in psychotic voice hearers and controls showed that the 
predisposition to experience AVH may be associated with the decou-
pling of voice production (e.g., involving the SMA) and self-monitoring 
(involving dorsolateral prefrontal cortex, ventrolateral prefrontal 
cortex, anterior cingulate, inferior parietal cortex) systems (Clos et al., 
2014). The inferior frontal gyrus is part of a self-awareness network that 
regulates a sense of agency over an action (David et al., 2008; Farrer 
et al., 2004; Jardri et al., 2007; Leube et al., 2003; Nahab et al., 2011). 
In AVH, the increased perceived reality of the hallucinated voices is 
associated with increased activation of the inferior frontal gyrus (Raij 
et al., 2009). 
Studies on inner speech have highlighted the role of the anterior 
cingulate cortex in dysfunctional self-monitoring in psychotic voice 
hearers (Shergill et al., 2000). The anterior cingulate cortex is part of a 
performance monitoring network (a critical function of cognitive con-
trol – Shenhav et al., 2013) that is active when an individual becomes 
aware of a prediction error (Orr and Hester, 2012) and may contribute 
to an altered sense of agency (Table 2). It monitors cognitive demands 
and regulates the allocation of cognitive resources (Shenhav et al., 
2013). The anterior cingulate cortex has feedforward projections to 
(Schmahmann, 1996; Schmahmann and Pandya, 1997) and feedback 
projections from the cerebellum (Middleton and Strick, 1994). During 
self-other voice discrimination (including both distorted self- and non- 
self-voice feedback), psychotic voice hearers did not activate the 
anterior cingulate cortex to the same extent as controls and non-hal-
lucinating psychotic patients: the dorsal anterior cingulate cortex was 
more active in response to unchanged than to acoustically distorted 
self-speech, whereas the opposite was observed in healthy controls and 
non-hallucinating patients (Allen et al., 2007a). Anterior cingulate 
cortex activation patterns in AVH suggest increased cognitive demands 
associated with the processing of more predictable (vs. less predictable) 
feedback, as well as reduced error awareness with manipulated feed-
back. Consequently, an error correction response is not initiated. Fur-
thermore, altered effective connectivity between the left superior 
temporal and anterior cingulate cortex is associated with the tendency 
to perceive one’s own voice as generated by another person (Mechelli 
et al., 2007). Altered function of the anterior cingulate cortex may 
hence contribute to a decreased sense of agency over the sensory con-
sequences of one’s own actions (Asai and Tanno, 2013; Bühler et al., 
2016; Sugimori et al., 2011). Accordingly, the self-generated voice 
would be evaluated as external (‘this is not my voice’) in voice hearers 
(Allen et al., 2006, 2004; Brébion et al., 2016; Johns et al., 2010;  
Pinheiro et al., 2016). 
6. A mechanistic framework of AVH 
The evidence discussed in the preceding sections suggests that 
changes of specific components within the forward model are key to a 
better understanding of AVH. Together with changes in cortical and 
thalamic structures, alterations in the cerebellum may give rise to the 
experience of reduced ownership over one’s own voice and, conse-
quently to AVH (Fig. 2). 
Processing changes affecting the comparison of expected and actual 
sensory feedback (Fig. 1, H2) as well as the updating of the forward 
model (Fig. 1, H3) are strongly supported by the existing literature 
(Fig. 2, Panels 2 and 3). Although one study reported alterations in 
efference copy generation (Ford et al., 2007b), the majority of the re-
viewed evidence suggests that this mechanism is preserved in voice 
hearers (Fig. 2, Panel 1; Table 2). However, even though motor areas 
may compile an efference copy in voice hearers, this copy seems to 
either not contain and/or relay accurate (e.g., temporal) information 
regarding sensory feedback (Fig. 2, Panel 1). Consequently, a prediction 
error might ensue when comparing expected and actual sensory feed-
back, i.e. the processing of the self-generated voice is changed (Fig. 2, 
Panel 2). Further, due to altered error sensitivity, the forward model 
may not be adequately updated (Fig. 2, Panel 3): feedback is conse-
quently perceived as input of external origin, leading to a reduced sense 
of agency. Changes in components of the forward model while speaking 
(namely, comparison between expected and actual sensory feedback to 
the self-voice; updating) could lead to a failure in distinguishing in-
ternal states and external events, setting the stage for AVH. Considering 
the putative role of the cerebellum also in the generation and mod-
ulation of inner speech (Ait Khelifa-Gallois et al., 2015; Marvel and 
Desmond, 2010) plausibly via sub-vocal articulation (Chen and 
Desmond, 2005; Marvel and Desmond, 2012), mental events (e.g., inner 
speech) might be misrecognized as generated by an external agent 
(Jones and Fernyhough, 2007), even in the absence of an overt action. 
Dysfunction in the circuitry putatively implied in the forward model 
might produce alterations in sensory feedback by changing its effects in 
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distant structures within the circuitry. Indeed, a likely possibility is that 
all areas of the cerebral cortex that project to the cerebellum are targets 
of cerebellar output (Caligiore et al., 2017). For example, cerebellar 
dysfunction could result in a failure to effectively communicate with 
neocortical network nodes, including the prefrontal cortex, thereby 
contributing to ineffective cognitive control and altered emotional 
processing of sensory feedback to the voice (Fig. 2, Panel 4). This may 
contribute to explicit evaluations of sensory feedback as alien and to an 
overall reduced sense of control over events in the environment. 
Of note is that the phenomenology of AVH is heterogeneous and not 
one of the described mechanisms alone accounts for the full experience 
of AVH (McCarthy-Jones et al., 2014a; Stephane, 2013). Further, most 
of the reviewed studies (Fig. 2; Table 2) tested persons diagnosed with 
psychotic disorders, which are often clinically heterogeneous (e.g., co- 
occurrence of negative symptoms or of other positive symptoms such as 
delusions) and present additional confounds, namely the effects of 
medication and hospitalization. Specifically, antipsychotic medication 
may bias conclusions about brain regions with dopaminergic innerva-
tion such as the basal ganglia and also to some degree the cerebellum 
(Giompres and Delis, 2005; Hurley et al., 2003; Ikai et al., 1992;  
Melchitzky and Lewis, 2000; Panagopoulos et al., 1991). Studies in-
volving nonclinical voice hearers are hence warranted as they provide 
an appropriate model for investigating AVH in isolation (Kelleher and 
Cannon, 2011). There are strong reasons to expect that the way in 
which distinct components of the forward model may be changed 
differentiates between nonclinical and psychotic voice hearers and, 
consequently, contributes to the phenomenological diversity of ‘hearing 
voices’. For example, more pronounced changes in the cerebellar vermis 
and/or in the connectivity of the cerebellum with limbic regions is 
expected in psychotic AVH, which are often described as threatening 
and derogatory, but less so in nonclinical AVH (e.g., Larøi et al., 2012;  
McCarthy-Jones et al., 2014b; Nayani and David, 1996). Changes in-
volving higher-level cognitive functions, such as a stronger impact of 
cognitive control, are expected when AVH result in significant func-
tional impairment, which is the case in psychotic voice hearers (Waters 
and Fernyhough, 2017). A major challenge will be to unravel whether 
and why different mechanisms may culminate in voice rather than vi-
sual hallucinations or in other types of auditory hallucinations. In 
particular, voice-specific rather than generalized, altered sensory 
feedback may explain why hallucinated voices represent the most 
common atypical perceptual experience (Pinheiro et al., 2020, 2018). 
Acknowledging that the picture is far from complete, the framework 
developed here offers a novel perspective and starting point for future 
research. Deeper insights into how cerebellar dysfunction contributes to 
AVH will depend on asking more refined questions. First, the exact 
nature of the operations and processes relying on the cerebellum re-
mains elusive. A uniform cytoarchitecture, exquisite temporal preci-
sion, and extensive reciprocal connections with neocortical regions are 
especially well-suited for cerebellar operations in relation to the for-
ward model (Sokolov et al., 2017). Nonetheless, it remains to be 
Fig. 2. A working model of the cerebellar role in AVH. 
Fig. 2 adapts Fig. 1 to illustrate each of the formulated hypotheses on mechanistic changes in the forward model in AVH. AVH likely result in structural (at least in 
psychotic voice hearers) and functional (in both psychotic and nonclinical voice hearers) changes, affecting the comparison of expected and actual sensory feedback 
(Panel 2) and the updating of the forward model (Panel 3), engaging cerebellar circuitry. Higher-level cognitive dysfunctions (e.g., cognitive control; emotional 
evaluation) likely result from an interaction with these altered components of the forward model (Panel 4; blue line) and contribute to the experience of AVH. A large 
body of evidence supports this hypothesis (see also Table 2). 
Note. MC = Motor Command; EC = Efference Copy; PE = Prediction Error; UPD = Update; CC = Cognitive Control; IFG = Inferior Frontal Gyrus; PMC = Primary 
Motor Cortex; PFC = Prefrontal Cortex; ACC = Anterior Cingulate Cortex; TC = Temporal Cortex; THAL = Thalamus; CER = Cerebellum; BG = Basal Ganglia. 
Blue boxes depict cortical structures; grey boxes depict subcortical structures; light blue boxes depict structures within the medial PFC; black arrows depict the motor 
pathway; grey arrows depict the sensory pathway; blue arrows depict circuits engaged in cognitive functions such as cognitive control, which may overlap with motor 
circuits. The red triangle illustrates malfunctioning components of the forward model or the interface with dysfunctional higher-level cognitive functions. 
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specified whether the role of the cerebellum in AVH is primary, sec-
ondary, or compensatory (Bareš et al., 2019). For instance, altered 
cerebellar function could represent a secondary consequence of basal 
ganglia dysfunction: the cerebellum works in concert with the basal 
ganglia via a disynaptic projection through the thalamus (Caligiore 
et al., 2017); further, the function of the basal ganglia is heavily de-
pendent on dopamine neuromodulation (Smith and Villalba, 2008), 
which is known to be dysregulated in psychosis (Winton-Brown et al., 
2014). Moreover, as there are distinct functional regions in the cere-
bellum (Witter and De Zeeuw, 2015; see also the MOdular Selection 
And Identification Controller [MOSAIC] computational model –  
Imamizu et al., 2003; Wolpert and Ghahramani, 2000), a more specific 
analysis of the fine-grained functional topography within the cere-
bellum would likely provide additional specification of how it con-
tributes to the experience of AVH. It is possible that different cerebellar 
zones contribute to distinct operations underpinning the forward model 
(Johnson et al., 2019; Stoodley and Schmahmann, 2009, 2010). Most 
advanced methods for the analysis of brain imaging data are optimized 
for the cerebrum, but not the cerebellum, which may be related to a 
cortico-centric bias in neuroscience research (Parvizi, 2009). As such, 
the involvement of the cerebellum in AVH is possibly underreported. 
Finally, although the current review focuses on data from psychotic 
and nonclinical voice hearers, it is worth noting that AVH can also be 
present in other psychiatric conditions (e.g., bipolar disorder – Toh 
et al., 2015) and in neurological disorders (e.g., epilepsy – Serino et al., 
2014). Elucidating the neurofunctional mechanisms underlying sensory 
feedback in voice production in AVH across different disorders will 
enhance our understanding of whether alterations in these mechanisms 
represent a neural substrate specific to AVH rather than psychosis. This 
knowledge would be critical for a precise diagnosis and for the devel-
opment of more effective intervention strategies. 
7. Conclusions and future directions 
Following the review of the existing evidence, we can identify ad-
ditional directions for further examination. Fundamental issues can be 
addressed by rigorously testing theory-based predictions using various 
neuroimaging techniques:  
1 Situational factors: The role of state variables in the forward model 
has been discussed in motor control theory (Frith et al., 2000). AVH 
in psychotic patients are often elicited by negative emotional or 
physical (e.g., tiredness) states (Luhrmann et al., 2019; Ratcliffe and 
Wilkinson, 2016), and typically elicit an emotional (often fear) re-
sponse (Peters et al., 2012). Hallucinatory predisposition in non-
clinical individuals is associated with higher levels of anxiety and 
self-focus (Allen et al., 2005). Some AVH may arise from hy-
persensitivity to auditory threat (Dudley et al., 2014). Hence, an 
individual’s affect may represent a perpetuating factor of AVH in 
psychosis. Reciprocal connections between the cerebellum and 
brainstem rely on neurotransmitters involved in mood regulation 
(e.g., serotonin, dopamine – Dempesy et al., 1983; Marcinkiewicz 
et al., 1989), suggesting that the cerebellum (particularly, the 
vermis) plays a role in the regulation of emotions (Adamaszek et al., 
2016). The role of these connections in AVH elicitation and main-
tenance remains to be clarified. 
2 Salience and emotion: Future studies should determine how the for-
ward model links to resting state networks such as the salience 
network to produce specific phenomenological features of AVH 
along the psychosis continuum (e.g., Alderson-Day et al., 2015). For 
example, AVH typically have a more negative quality in psychotic 
than in nonclinical voice hearers (Baumeister et al., 2017). Further, 
it is not clear whether and how voice salience and emotion are as-
sociated with distinct types of sensory feedback and relate to the 
forward model differently.  
3 Sensory suppression across sensory modalities: Self-initiated stimuli 
across different sensory modalities may give rise to differences in 
sensory suppression patterns (Mifsud and Whitford, 2017). It is 
important to understand whether altered sensory suppression in 
response to self-initiated voices in AVH is specific to voices, en-
hanced for voices compared to other types of sounds, and whether 
these alterations extend to different sensory modalities (e.g., vision). 
Such differentiation may not only be reflected in neocortical re-
sponses but also in patterns of cerebellar activation, which may be 
modulated by the modality of sensory feedback (Johnson et al., 
2019).  
4 Voice hearing along the psychosis continuum: It remains to be clarified 
whether alterations in the forward model are similar in psychotic 
and non-psychotic voice hearers. Most of the studies tested psy-
chotic patients with AVH, whereas studies probing the forward 
model and cerebellar changes in nonclinical persons with AVH re-
main scarce. Future studies should examine whether distinct com-
ponents of the forward model (Fig. 2) relate to changes along the 
psychosis continuum and whether such changes could predict psy-
chosis onset. 
The studies discussed in the current review support the contribution 
of neural mechanistic changes in relation to the forward model in AVH, 
which are at least partly associated with cerebellar dysfunction. The 
reviewed evidence lays the foundation for further discussion and pro-
vides a tentative answer to the key question why some people hear 
voices in the absence of corresponding acoustic input. At the neural 
level, the answer likely resides in studying the function of the cere-
bellum from an integrative perspective that considers its interplay with 
the cortex, thalamus, and basal ganglia. 
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